What is the role of epididymal cysteine-rich secretory proteins (CRISPs) in male fertility? SUMMARY ANSWER: While epididymal CRISPs are not absolutely required for male fertility, they are required for optimal sperm function.
Introduction
Cysteine-rich secretory proteins (CRISPs) are a sub-clade of the CRISP, Antigen 5 and Pathogenesis related protein 1 (CAP) superfamily and are characterized by the presence of an N-terminal CAP domain linked to a CRISP domain (also called the ion channel regulatory region, ICR) by a linker . CRISPs contain 16 absolutely conserved cysteine residues, which form eight disulphide bonds to stabilize their structure. While members of the CAP superfamily are found in all kingdoms, CRISPs are vertebrate-specific and most well characterized for their high expression in the venom glands of poisonous reptiles and the reproductive tract of male mammals (Gibbs and O'Bryan, 2007) .
Humans produce three CRISPs, CRISP1-3, whereas mice produce four, CRISP1-4, and sperm are sequentially exposed to a CRISP in virtually all phases of development. CRISP2 is incorporated into the sperm acrosome in rodents, humans and many other species (Foster and Gerton, 1996; O'Bryan et al., 2001; Busso et al., 2005) . CRISP2 is also localized to the outer dense fibres and the mid-piece of the sperm tail where it has been proposed to regulate ryanodine receptor function and flagella beating, although the flagellar role is yet to be confirmed (O'Bryan et al., 2001; Harper et al., 2004; Gibbs et al., 2006; Reddy et al., 2008) . Following sperm release, sperm enter the epididymis wherein they are exposed to a single CRISP in humans, namely CRISP1, and two CRISPs in mice, CRISP1 and CRISP4. We note, however, that because of the relatively rapid evolution of CRISPs the strict orthologue of CRISP1 protein is variably referred to as CRISP3 or CRISP4 in some species (Nolan et al., 2006; Gibbs et al., 2008) . Human and rodent CRISP1 occurs in two forms, D and E, which have differential affinities for sperm binding. The D form associates transiently with the sperm plasma membrane and has been implicated as a de-capacitation factor, wherein capacitation is a maturation process that initiates upon the deposition of sperm in to the female reproductive tract (Roberts et al., 2003 (Roberts et al., , 2008 Nixon et al., 2006) . By contrast, the E form is tightly associated with the sperm head and implicated in sperm-oocyte binding (Busso et al., 2007; Roberts et al., 2008) . Of note, CRISP4 is only found in rodents and has been shown to regulate transient receptor potential cation channel, subfamily M, member 8 (TRPM8) ion channel function, epididymal sperm maturation and ultimately acrosome function Turunen et al., 2012) . Lastly, while CRISP3 is well characterized as a marker of prostate cancer in humans, it is expressed at very low level in the healthy prostate (Bjartell et al., 2006) . CRISP3 is, however, produced in the seminal vesicles, and ultimately the ejaculate, of the horse wherein it has been implicated in the suppression of neutrophil-mediated sperm phagocytosis and thus, fertility (Hamann et al., 2007; Doty et al., 2011) .
Knockout mouse models have been made for each of Crisp1, Crisp2 and Crisp4 (Da Ros et al., 2008; Gibbs et al., 2011; Brukman et al., 2016; Turunen et al., 2012) . While all are fertile, each exhibits a particular suite of sub-fertility phenotypes. None, however, constitute a full and reflective model for the absence of CRISPs in the human epididymis. Specifically, we hypothesize that the role of human CRISP1 in epididymal sperm maturation can only be reflected in the mouse by the combined absence of both Crisp1 and Crisp4. As such, the aim of this study was to define the effect of the absence of epididymal CRISPs on male reproductive function in the mouse. In doing so we hope to shed light on the role of epididymal CRISP function of relevance to all mammals, including humans.
Crisp1-and Crisp4-null mouse lines were produced and interbred to produce mice with a complete absence of epididymal CRISPs. While all genetic combinations were fertile in a high barrier animal house, each type of CRISP insufficient mouse model displayed a range of fertility deficiencies. Collectively, our data establish a role for epididymal CRISPs in the manifestation of optimal sperm function and suggest a role in the creation of an immuno-tolerant environment.
Materials and Methods

Ethical approval
Knockout model production and all animal procedures were approved by the Monash Animal Experimentation Ethics Committee and conducted in accordance with Australian National Health and Medical Research Council (NHMRC) Guidelines on Ethics in Animal Experimentation.
Mouse model production
The Crisp1 and Crisp4 knockout mouse lines were generated at the Australian Phenomics Network (APN) Monash University Node using standard methods (Cotton et al., 2015) . The Crisp1 knockout mouse line was generated using a gene-trapped embryonic stem (ES) cell obtained from the Toronto Centre for Phenogenomics Centre for Modelling Human Disease (CMHD-GT_255A4-3) ( Supplementary Fig. S1A ). The pNMDi3 gene-trapped cassette was inserted into intron 2 of the Crisp1 gene (ENSMUSG00000025431). This resulted in truncated mRNA containing exons 1-2 (ENSMUSE00001062734 and ENSMUSE00001030359), which encoded the first 24 N-terminal amino acids of the CRISP1 protein.
Mouse genotyping from tail biopsies were performed by qPCR using primers shown in Supplementary Table S1 . The colony was maintained on the C57BL/6Jx129Sv genetic background.
The Crisp4 knockout mouse line was generated using a KOMP KO-first condition ready ES clone (project ID CSD35862) ( Supplementary Fig. S1A ). To disrupt the Crisp4 gene (ENSMUSG00000025774), the FRT-LacZ-loxPNeo-FRT-loxP-Crisp4-exon4-loxP cassette was inserted in intron 3 of the Crisp4 gene. The straight knockout allele results in truncated mRNA containing exons 1-3 (ENSMUSE00000702518, ENSMUSE00001207630 and ENSMUSE00000153091), which encoded the first 96 N-terminal amino acids of the CRISP4 protein. Mouse genotyping from tail biopsies were performed by PCR using primers shown in Supplementary Table S1 . The colony was maintained on the C57BL/6 N genetic background. Crisp1 and Crisp4 knockout mouse lines were intercrossed to generate a double knockout line (DKO). For each mouse line wild type (WT) littermates were used as controls so as to control for genetic background.
Gene ablation was assessed using qPCR and immunohistochemical methods as outlined below. The Crisp1 and Crisp4 transcript levels in epididymides of Crisp1 −/− mice and Crisp4 −/− mice were assessed by qPCR in SYBR Select Master Mix (Applied Biosystems, USA). Crisp1 expression was detected using Taqman assay Mm04207822_g1 (Applied Biosystems, USA) and Crisp4 expression was detected using Taqman assay Mm01235768_m1. All PCRs were performed in the Agilent Mx3000P qPCR system: 95°C, 10 min for one cycle; 95°C, 15 s; 60°C 1 min for repeated 40 cycles. Different expression data was analysed using the 2 ΔΔCT method and normalized to Hprt (Mn00446968, Applied
Biosystems, USA) house-keeping gene.
Antibody details
The CRISP1 polyclonal antibody was a goat anti-mCRISP1 (Santa Cruz SC21280, USA, stock 200 μg/ml) which is known to partially cross-react with mouse CRISP3, but is specific in the context of the epididymis, which lacks Crisp3 expression (Reddy et al., 2008) . The latter conclusion is supported by the immunohistochemical labelling of WT versus Crisp1 knockout epididymis as shown in this manuscript. The mouse CRISP4 monoclonal antibody (stock 1 mg/ml) was produced at the Monoclonal Antibody Technologies Facility, Monash University, using previously described methods (De Masi et al., 2005) . The antibody, designated 2H8, was raised against His-tagged full length recombinant CRISP4 and was negatively selected against CRISPs 1, 2 and 3 and the His tag via an antigen-coated micro-array screening assay as described previously .
Immunofluorescent protein localization in epididymis
In order to define the localization of CRISP1 and CRISP4 within the epididymal epithelium, we undertook immunofluorescent labelling of sections. Epididymides were fixed in Bouin's fixative (Amber Scientific, Australia) for 5 h, processed to paraffin and sectioned as described previously (O'Bryan et al., 2001) . Following dewaxing and rehydration, sections underwent antigen retrieval in citrate buffer (10 mM tri-sodium citrate in 1 L H 2 O, pH 6.0), sections were heated in microwave on high-medium power for 16 min, and then cooled to room temperature for 20 min, followed by two 5 min washes in phosphate buffered saline (PBS) (10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4). Sections were blocked in CAS-block (Thermo Fisher Scientific, USA) for 30 min at room temperature to minimize non-specific protein binding. Primary antibodies were incubated on sections overnight at 4°C: CRISP1 1 μg/ml, or CRISP4 2 μg/ml in antibody diluent (Dako, USA). Following three 5-min washes in PBS, sections were incubated with secondary antibodies at a 1:500 dilution for 1 h at room temperature: for CRISP1, Alexa Fluor 555 nm-conjugated donkey anti-goat IgG; and for CRISP4, Alexa Fluor 488 nm-conjugated donkey anti-mouse IgG (Molecular Probes, USA). After three 5 min washes in PBS, stained nuclei with DAPI (10 μg/ml; Molecular Probes, USA) for 20 min at room temperature. After three 5-min washes, coverslips were mounted in fluorescent mounting medium (Dako, USA). Images were taken by a SP8 confocal microscope (Leica, Germany).
Fertility analysis
Male fertility potential was assessed using the strategy outlined in (Borg et al., 2010) . Six 11-week-old WT and four 14-week-old DKO males were test mated with 11-week-old females and the number of pups per litter recorded.
Plugging was monitored as a surrogate for normal mating behaviour. The daily sperm production (DSP) within the testis and total epididymal sperm content were assessed as described previously (Robb et al., 1978) . In order to test sperm function, sperm were collected from the cauda epididymides and vas deferens using the back flushing method at 10-12 weeks of age and 22-24 weeks of age as described previously . Sperm motility and their ability to undergo the acrosome reaction were assessed using a computer assisted sperm analyser (CASA) as outlined previously . Loading spermatozoa suspensions equilibrated in vitro for 15 min into 80 μm deep CASA chamber for analysis. All movement parameters, including total sperm motility, progressive motility, and sperm velocity distribution (rapid, medium, slow and static) were measured using Hamilton-Thorne (MouseTraxx, USA) CASA, as described previously (Cancel et al., 2000) , where rapid motility was classified as velocity over 35 μm/s, medium motility was classified as 10-35 μm/s, slow motility was classified as <10 μm/s and static was 0 μm/s. At least 1000 sperm were measured in triplicate and repeated on a minimum of four mice per genotype and age.
As a more sensitive measure of fertility, zona binding and IVF assays were performed on 13-week-old WT and DKO mice. In brief, sperm were harvested using the back flushing method then capacitated under embryo grade mineral oil (Sigma, USA) in modified Biggers, Whitten, Whittingham medium supplemented with 1 mg/ml polyvinyl alcohol (Sigma, USA) and 1 mg/ml methyl-β-cyclodextrin (Sigma, USA) for 60 min at 37°C. In parallel, oocyte stimulation in F1 (C57BL/6 × CBA) mice was performed through intraperitoneal injections of 7.5 IU equine chorionic gonadotropin (eCG, ProVet, USA) and hCG (ProVet, USA) 48 h apart. Cumulus-oocyte complexes were then collected from the ampullae of these mice and placed in Card medium under mineral oil. A sample of 2 × 10 5 capacitated sperm was then added to a clutch of cumulus-oocyte complexes and left for 3 h at 37°C in an atmosphere of 5% CO 2 to achieve fertilization. Presumptuous zygotes were then washed three times in human tubal fluid medium and transferred to a final drop of human tubal fluid medium overnight to mature to the 2-cell stage. For the zona binding assay, cumulus-oocyte complexes isolated as above were treated with hyaluronidase for 1 min to remove cumulus cells, then stored in high salt storage medium and then incubated with a sample of 2 × 10 4 sperm as previously detailed (Bromfield et al., 2015) . A minimum of three oocytesperm fertilization experiments were performed per genotype.
Progesterone-induced acrosome reaction
The ability of sperm to undergo the progesterone-induced acrosome reaction, as a readout of the efficiency of sperm epididymal maturation was assessed as described in . Simplistically, sperm were capacitated in modified Tyrode's 6 (MT6) media for 75 min prior to the addition of progesterone to a concentration of 15 μM progesterone (Sigma, China) for an additional 15 min prior to fixation and labelling with tetramethylrhodamine isothiocyanate (TRITC)-Peanut Agglutinin (PNA) (1 μg/ml, Sigma, USA). Sperm acrosome reaction status was assessed via fluorescent microscopy (SP8 confocal, Leica), where at least 200 spermatozoa were assessed per mouse. A spontaneous acrosome reaction control (MT6 buffer only) was included.
Sperm capacitation assay
To assess the rate of capacitation-associated tyrosine phosphorylation, sperm were collected from DKO and WT mice cauda epididymides through the back flushing method and incubated in MT6 medium as outlined previously (Aitken et al., 1995) . Sperm were equally divided into four aliquots for processing at each of 10, 20, 30 and 60 min incubations at 37°C in capacitation permissive media. Following incubation, sperm were pelleted at 1 200 rpm for 5 min, the supernatant was removed, the sperm were washed once with PBS, and stored at −20°C prior to analysis by western blotting. A 20 μl of 5× reducing sample buffer (Thermo Fisher Scientific, USA) was added to the samples. They were incubated at 95°C for 10 min. A 8 μl was loaded onto 8% gels for SDS-PAGE then transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon P, Millipore, USA). Non-specific antibody binding was minimized by incubation in 5% bovine serum albumin (BSA) in PBS for 1 h at room temperature and then incubated overnight at 4°C with mouse anti-phosphotyrosine, clone 4G10 (Millipore, USA) at 0.5 μg/ml in 1% BSA/PBS. The secondary antibody, rabbit anti-mouse IgG-horse-radish peroxidase (HRP) (1:10 000 Dako, USA) was applied for 1 h at room temperature. Chemiluminescense was detected using Clarity reagent (BioRad, UK). Densitometry was measured using ImageJ software v1.51j8 (National Institutes of Health, USA). To assess the relative level of capacitation, 70 and 110 kDa phosphorylated protein bands were used for densitomery and their pixel intensity was measured relative to hexokinase as described previously (Katen et al., 2016) . Each time point was normalized to the 10 min sample (which was then designated as 1). The 20, 30 and 60 min samples were then expressed as fold change compared to the 10 min sample. A minimum of three biological replicates was included per genotype. To assess the total level of capacitation within individual sperm, additional aliquots of sperm were incubated for 0 or 60 min as described above. Sperm were fixed in 4% paraformaldehyde for 1 min at room temperature. Sperm were then centrifuged at 1 200 rpm for 5 min, and washed twice with PBS, and 1 ml PBS was added and each tube was vortexed. A 20 μl of this was placed onto microscope slides (Thermo Fisher Scientific, USA) and air dried. Sperm were fixed in methanol: acetone (1:1) for 2 min. The slides were washed in three 5 min washes in PBS, and then permeabilised in 0.2% Triton X-100/PBS (Sigma, USA) for 60 min at room temperature, followed by three 5 min washes in PBS. Non-specific antibody binding was minimized by incubation in 1% BSA in PBS (Sigma, USA) for 30 min at room temperature, and the primary antibody 4G10 (2 μg/ml) was incubated at 4°C overnight. Sperm were washed by three 5 min washes in PBS, and incubated with Alexa fluor 555 nm-conjugated donkey antimouse IgG at a 1:500 dilution at room temperature for 1 h. Sperm were washed by three 5 min washes in PBS. The sperm nuclei were stained with DAPI in 1:500 dilution for 15 min at room temperature. Sperm were washed by two 5 min washes in PBS, cover-slipped in fluorescent mounting medium. Images of the sperm were obtained using the Leica SP8 confocal, wherein at least 100 cells per mouse were scored for capacitation based on sperm tail staining status: capacitated: full length of tail labelled; partially capacitated: part of sperm tail labelled; non-capacitated: no labelling of the tail.
Statistical analyses
Data were analysed using GraphPad Prism Version 7.0 (GraphPad Software, USA). All experiments were replicated at least three times with independent samples. Sperm mobility data was collected as a percentage and then log-transformed to achieve equal variance prior to analysis. Statistical differences between the groups were evaluated using unpaired Student's t-tests as each genotype was compared to controls with the same strain background. Significant differences were indicated with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Relative capacitation data was assessed by western blotting band intensity in ImageJ and then analysed by a two-way ANOVA.
Results
Epididymal CRISPs are not required for male fertility, but are required for the establishment of normal sperm motility
) and Crisp4 knockout (Crisp4
) mouse lines were produced as described in the Materials and Methods and gene ablation assessed at the mRNA and protein level using quantitative PCR (qPCR) and immunochemical methods. Crisp1 gene-trapping resulted in a 99.5% reduction in expression compared to WT littermates and Crisp4 disruption resulted in a 96.3% reduction in mRNA expression ( Supplementary Fig. S1B ). Consistent with previous publications (Da Ros et al., 2008; Gibbs et al., 2011) , CRISP1 and CRISP4 proteins were localized to the principal cells and sperm in all regions of the WT epididymis (Fig. 1) . Deletion of the Crisp1 and Crisp4 genes eliminated all staining, thus verifying both the knockout strategy and the specificity of the antisera used (Fig. 1) . As expected, the Crisp1 and 4 DKO mice (Crisp1/4 −/− ) lacked both CRISP1 and CRISP4 protein ( Supplementary Fig. S1C) .
In order to test the requirement for epididymal CRISPs in male fertility, 10 week old Crisp1
−/− and Crisp1/4 −/− males were bred with WT females and the number of pups per litter recorded relative to the corresponding WT littermates. The inclusion of WT littermates was considered important so as to control for slight variations in reproductive function between different strains of mice. Mating behaviour, as judged to be normal by the presence of copulatory plugs for all males of all genotypes. Litter size was unaffected by the loss of epididymal CRISPs (Fig. 2) . Thus, epididymal CRISPs are not absolutely required for male fertility in a high pathogen barrier animal house. Deletion of Crisp4 or Crisp1 and 4 did not affect body weight or testis weight at either 10-12 or 22-24 weeks of age ( Supplementary  Fig. S2 ). Somewhat surprisingly, given the absence of Crisp1 expression in the testis (Reddy et al., 2008) , Crisp1 deletion did, however, result in a small, but significant, decrease in body weight and DSP in young mice, but not in older mice (Fig. 3A, Supplementary Fig. S2 ). This did not translate into a difference in epididymal sperm content at the same age (Fig. 3B) . The reason for this discrepancy is not currently known. Consistent with previous studies , Crisp4 deletion did not affect daily testis sperm production or epididymal sperm content at either age (Fig. 3) . The combined deletion of Crisp1 and 4 did not affect DSP in either young or old mice, but did result in a 28.2% reduction in epididymal sperm content in older mice, but not young mice (Fig. 3A and  B) . The latter observation is consistent with an age-related epididymal phenotype and is explored in more detail below.
In order to assess the role of CRISP1 and CRISP4, individually and in combination, in producing optimal sperm function, we undertook an assessment of sperm motility characteristics and the ability to undergo the progesterone-induced acrosome reaction. The deletion of epididymal CRISPs, individually, or in combination, did not affect overall sperm motility, i.e. the ability to manifest any form of motion, as measured using a CASA, with the exception of Crisp4 deletion, which resulted in a small but significant increase in total sperm motility (Fig. 4) . However, deletion of Crisp1 or Crisp1 plus Crisp4 led to a decreased ability for progressive motility (Fig. 4) . The necessity for CRISP1 in optimal sperm motility has not previously been reported. Crisp4 deletion, resulted in no change in progressive sperm motility in young mice but a significant increase in progressive motility in older mice (Fig. 4 and Supplementary Fig. S3A and B) .
A finer-grained analysis of this data revealed that Crisp1 deletion resulted in a decreased percentage of sperm capable of manifesting rapid motility and a concomitant increase in the number of static sperm i.e. a shift towards a slower average sperm velocity (Fig. 5) . As outlined in the methods section, rapid motility was defined as the ability of an individual sperm to move with a velocity of at least 35 μm/s. Crisp4 deletion resulted in an increased percentage of sperm capable of manifesting rapidly progressive motility at the expense of those displaying medium progressive motility or zero (static) motility (Fig. 5) . The kinematics underlying these changes will be explored in future studies. Collectively, however, these data suggest that CRISP1 and CRISP4 act upon different targets (receptors) involved in epididymal sperm maturation and that both are involved in generating the optimal balance of sperm function and motility. The phenocopying of Crisp1 and Crisp1 and Crisp4 DKO motility characteristics ( Fig. 5 and Supplementary Fig. S3 ) indicates that the target for CRISP1 activity is, however, upstream of the CRISP4 target and that CRISP1 and CRISP4 do not act redundantly with respect to sperm motility.
Epididymal CRISPs are required for the optimal acrosome function
As shown previously, CRISP4 is required for sperm to efficiently acquire the ability to undergo the acrosome reaction following Figure 1 CRISP1 and CRISP4 localization in the mouse epididymis and validation of gene deletion. CRISP1 (A) and CRISP4 (B) were both localized to the principal cells of the epididymal epithelium and within the epididymal lumen. Crisp1 and Crisp4 deletion resulted in an absence of protein detection thus confirming the success of gene deletion and the specificity of the antibodies used. Note, the CRISP1 labelling in the interstitial material between tubules is non-specific as indicated by staining in Crisp1 −/− tissue. The use of a non-immune immunoglobulin control indicated that this staining was the result of the anti-mouse secondary antibody binding to immunoglobulins within interstitial material (not shown). Nuclei were stained with DAPI (blue). Scale bars = 50 μm.
progesterone challenge in both young adult and older mice (Fig. 6 ) Turunen et al., 2012) . Further, we saw a comparable level of functional compromise in Crisp1 knockout sperm (Fig. 6 ). Not surprisingly, the combined deletion of Crisp1 and Crisp4 also affected the ability of sperm to undergo the acrosome reaction in both young (10-12 weeks) and older (22-24 weeks) mice ( Fig. 6 and Supplementary Fig. S3C and D) . This effect was significantly greater in sperm from DKO mice suggesting that there is some divergence in function between CRISP1 and CRISP4 in relation to acrosome maturation or function. We note that the reduced ability of Crisp1 null sperm to undergo the progesterone-induced acrosome reaction is in contrast to results previously reported by Da Ros (Da Ros et al., 2008) wherein no difference was detected. The reason for this difference is not currently known, but could be related to a dose effect due to the use of Crisp1 +/− mice as the 'control' in their study rather than genetically WT mice. Alternatively, the baseline (spontaneous) percentage of sperm undergoing the acrosome reaction was lower in our study and the percentage of sperm induced to undergo the acrosome reaction following progesterone exposure was higher herein, thus giving a greater dynamic range in our assays compared to the Da Ros study, and an improved ability to detect differences in acrosome function.
Epididymal CRISPs are required for a normal sperm capacitation
In order to assess the effect of Crisp deletion on the ability of sperm to undergo the functional maturation process referred to as capacitation, sperm were harvested from Crisp1 −/− and Crisp4 −/− and DKO mice and their corresponding WT littermates and incubated in capacitation permissive media as outlined in the Materials and Methods and illustrated in Supplementary Fig. S4 . The ability of sperm to capacitate was assessed using two platforms, both of which are dependent on the increased levels of tyrosine phosphorylation normally seen during the capacitation process-immunofluorescent staining and western blotting. As shown in Fig. 7 , the loss of CRISP1 did not alter the percentage of sperm undergoing capacitation or the overall tyrosine phosphorylation level. By contrast, the loss of CRISP4 function resulted in a decreased ability to undergo capacitation at both a cell-specific and whole of population level (Fig. 7) . The magnitude of this change is measured (Fig. 7) . Similarly, the combined deletion of Crisp1 and Crisp4 resulted in a greatly reduced capacity to manifest a global increase in tyrosine phosphorylation (Fig. 7) . Collectively, these data illustrate a role for CRISP4 in particular in regulating capacitation-associated cell signalling. These data also provide further support to that provided in the motility analysis and show that CRISP1 and CRISP4 have distinctly different roles in the maturation and function of the sperm flagellar. The dramatic reduction in the induction of global tyrosine phosphorylation, a traditional marker of capacitation, seen in Crisp4 knockout sperm, while initially surprising, is however, consistent with data from Fer null mice illustrating that an up-regulation of global tyrosine phosphorylation in sperm is not an absolute requirement for male fertility in the mouse (Alvau et al., 2016) . While yet to be confirmed, these data also raise the possibility that CRISP4 signalling sits upstream of FER kinase.
Epididymal CRISPs enhance sperm-zona binding
Given the millions of sperm contained in each mouse ejaculate, mating experiments are a relatively blunt measure of sperm functional capacity. As such, in order to test the requirement for epididymal CRISPs in the processes of fertilization, sperm were harvested from Crisp1/4 knockout mice and WT littermates and tested for their relative ability to bind to the zona pellucida and to achieve IVF. As shown in Fig. 8 , the combined loss of Crisp1 and 4 resulted in a significant, 3-fold, reduction in the number of sperm bound to the zona pellucida (P = 0.0018). Impaired zona binding capacity did not, however, translate into a decrease in overall fertilization rate over a 24 h period indicated that while epididymal CRISPs enhance the chances of sperm reaching, and potentially binding to, the oocytes they are not required for fertilization ( Supplementary Fig. S5 ).
Loss of epididymal CRISPs leading to epididymal inflammation
The decrease in epididymal sperm count seen in older, but not younger, adult Crisp1/4 knockout mice was suggestive of the abnormal removal of sperm by the immune system and would be consistent with previously proposed roles for CAP proteins, including the CRISPs, in evasion of the immune system in a range of species Prados-Rosales et al., 2012; Assumpcao et al., 2013; Londono-Renteria et al., 2015 . In order to analyse this potential, whole epididymides were dissected from 23-week-old (or older) WT and Crisp1/4 DKO males, stained with haematoxylin and eosin and assessed for abnormalities by a researcher blinded to genotype. In contrast to WT littermates, Crisp1/4 DKO mice frequently contained small mononuclear immune cell infiltrates throughout the epididymal stroma. Larger infiltrates were also observed in the distal corpus and Figure 4 The effect of the deletion of epididymal CRISPs on sperm motility parameters. The total motility and forward progressive motility of sperm harvested from (A) young mice (10-12 weeks) and (B) old mice (22-24 weeks) was measured by computer assisted sperm analyser (CASA). Genotypes of mice are indicated on the X-axis and the number of replicates per genotype are indicated within the bar. Data was log-transformed and then analysed by unpaired t-tests. *P < 0.05, **P < 0.01, data were shown as mean ± S.E.M.
proximal cauda regions (predominantly segments 7-8) in some sections ( Fig. 9 and Supplementary Table S2), but there was no obvious increase in intraepithelial leucocytes (e.g. halo cells or intraluminal phagocytes, not shown). Collectively, these data suggest that epididymal CRISPs function to both optimize sperm function and to maintain an immuno-tolerant milieu within which the highly immunogenic sperm can undergo maturation. The mechanisms underpinning this immunomodulation will be explored in future studies.
Discussion
Within this article we have demonstrated that, while epididymal CRISPs are not absolutely required for male fertility, they function to increase reproductive performance in mice. Specifically, both CRISP1 and CRISP4 regulate sperm motility, in an apparently opposing manner wherein the presence of the latter is associated with the induction of global tyrosine phosphorylation seen during sperm capacitation. By contrast, CRISP1 and CRISP4 affect the ability of sperm to undergo the progesterone-induced acrosome reaction in a consistent and largely redundant manner. Collectively, these data show that epididymal CRISPs are required for optimal sperm epididymal maturation and suggest that CRISP1 and CRISP4 share a common receptor related to acrosome maturation, but different receptors related to flagellum maturation and function. Further and intriguingly, the loss of all epididymal CRISPs in the mouse also leads to an age-associated increase in immune infiltrates into the epididymis. Collectively, these data are consistent with presence of CRISPs as a means of enhancing sperm function and in the establishment of an immuno-tolerant environment.
Although not tested herein, we proposed that the presence of a single epididymal CRISP in the human epididymis will have assumed the combined roles demonstrated here. CRISPs are characterized by the presence of 16 conserved cysteine residues that fold into two domains: an N-terminal CAP domain, which is present in all CAP proteins, and an ICR domain, which is linked to the CAP domain via a linker region . The presence of the ICR domain is the defining characteristic of CRISP proteins. The function of the CAP domain remains poorly defined, but has been implicated in processes including the establishment of immune tolerance in a range of species Prados-Rosales et al., 2012; Assumpcao et al., 2013; Londono-Renteria et al., 2014 , lipid binding (Choudhary and Schneiter, 2012; Choudhary et al., 2014; Darwiche et al., 2017) and as a protease (Milne et al., 2003) . By contrast, the ion channel regulatory domain, either all or the majority, are likely involved in ion channel regulation, including the regulation of TRPM8 in the case of mouse CRISP4 , ryanodine Figure 5 The effect of the deletion of epididymal CRISPs on sperm velocity distribution as measured by CASA. Sperm velocity distribution of (A) young mice (10-12 weeks) and (B) old mice (22-24 weeks) stratified into rapid, medium, slow and static motility groups. Four sperm velocity groups are indicated on the X-axis. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, data shown as mean ± S.E.M. Data was log-transformed and then analysed by unpaired t-tests. Figure 6 The effect of the deletion of epididymal CRISPs on the ability of sperm to undergo the progesterone-induced acrosome reaction. The percentage of sperm that underwent a spontaneous acrosome reaction (vehicle control) following 90 min of capacitation and the percentage that acrosome reacted in response to progesterone in (A) young (10-12 weeks) and (B) old mice (22-24 weeks). The number of replicates per genotype are indicated in the bar. Data was logtransformed and then analysed by unpaired t-tests. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, data were shown as mean ± S.E.M.
receptors in the case of mouse CRISP2 and Catsper channels in the case of CRISP1 (Ernesto et al., 2015) . Further, reptile CRISPs have been implicated in the regulation of a wide range of other channels suggesting either a promiscuity of action or that relatively small changes in amino acid sequence translate into a broad range of ion channel specificities (Sunagar et al., 2012) . The effects of CRISP1 and CRISP4 on sperm motility and the acrosome reaction described in this article are consistent with roles in ion channel regulation, likely during epididymal maturation, and the establishment of the biochemical infrastructure required for mature sperm function. It remains to be precisely determined, however, if the specific actions described here are mediated via Catsper and TRPM8 channels in isolation or if there is promiscuity between channel types. Specifically, Catsper channels are localized to the principal piece of the sperm tail (Ren et al., 2001) and Figure 7 Effects of Crisp1 and Crisp4 gene single deletion and combined deletion on sperm capacitation. Sperm capacitation was monitored by sperm tail tyrosine phosphorylation using a phosphotyrosine antibody (4G10) and whole sperm proteins tyrosine phosphorylation measured by western blotting. The degree of sperm capacitation was divided into three categories: non-capacitated, partially capacitated and fully capacitated as described in the Materials and Methods and Supplementary Fig. S4 . Age matched young (10-15 weeks) WT and (A) Crisp1
−/− and (C) DKO mice sperm tail tyrosine phosphorylation capacitation was measured at 0 and 60 min of in vitro capacitation, and whole sperm proteins tyrosine phosphorylation assessed by analysing the two strong bands with molecular weight of 110 kDa (p110) and 70 kDa (p70). Representative western blotting results were shown on the bottom row. The most intense band towards the top of each blot is the constitutively phosphorylated protein hexokinase which acted as a loading control. N = 3-4 per genotype. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, data were shown as mean ± S.D.
TRPM8 is localized to the sperm head and the length of the sperm tail (De Blas et al., 2009; Martinez-Lopez et al., 2011) . Our data illustrates that CRISP1 and CRISP4 have different effects on sperm flagella function. CRISP1 enhances progressive motility under non-capacitating conditions, whereas CRISP4 is required for the normal manifestation of capacitation-associated global protein tyrosine phosphorylation. This latter phenotype is particularly interesting and reminiscent of that seen in the Fer knockout mouse line (Alvau et al., 2016) . FER is a tyrosine kinase localized along the length of the sperm tail that, when activated during capacitation, leads to an increase in the tyrosine phosphorylation of many proteins. Until recently, it was thought that such changes in phosphorylation were absolutely required for fertility. The production of Fer null mice, however, definitively disproved this theory (Alvau et al., 2016) . The data presented herein suggest that epididymal CRISP4 may have a role in the appropriate 'programming' of signal transduction via FER ultimately used in mature sperm during capacitation.
The age-associated increase in immune cell infiltrates noted in Crisp1 and Crisp4 DKO mice, but not individual knockouts, is however, more consistent with a redundant role of the CAP domain in the suppression of the immune system against sperm antigens. As noted above, CAP domain containing proteins have been identified in species from all kingdoms and in multiple instances have been implicated in the subversion of the host immune system against foreign antigens Prados-Rosales et al., 2012; Assumpcao et al., 2013; Londono-Renteria et al., 2014 . Notable examples include the nematode proteins Ancylostoma secreted protein (ASP) and neutrophil inhibitory factor (NIF), which modulate host B-cell function (Tribolet et al., 2015) and suppress neutrophil function, respectively in mammals (Moyle et al., 1994) ; and the venom allergin-like proteins (VAP), which suppress the basal immune response in host plant species, and in doing so, increase the virulence of invading nematodes (Lozano-Torres et al., 2014) . The establishment of an epididymal environment tolerant to sperm antigens is essential for the maintenance of male fertility as a consequence of the exclusion of many sperm antigens from the process of self-tolerance in the perinatal period (Meinhardt and Hedger, 2011) . A failure in this system is thought to contribute to the development of inflammatory responses in the testis or epididymis eventually leading to anti-sperm antibodies, and may result in autoimmune orchitis or epididymo-orchitis (Hedger, 2011) .
In summary, the data obtained in this study illustrates that epididymal CRISP proteins are required for optimal sperm function and suggest that, in situations of sperm competition in polyandrous species, or environmental challenge, they could provide a functional advantage to exposed sperm. This conclusion is strengthened by our in vitro sperm-zona binding data. Our data also show that depending on context, CRISP1 and CRISP4 may act redundantly or via unique mechanisms. Our data also suggest, that in common with data from CAP proteins from a range of pathogenic species, epididymal CRISPs may contribute to the maintenance of an immuno-tolerant sperm maturation environment. While the precise mechanisms underpinning these roles, and the relative contribution of the CAP and CRISP domains, and environmental cues that regulate CRISP expression remain to be determined, a recent study in mice suggests that the induction of obesity, via consumption of a high fat diet, significantly suppresses CRISP4 production, in parallel with reducing male fertility (Borges et al., 2017) . Collectively these data suggest that the appropriate production of epididymal CRISPs in humans is clinically relevant and that Sperm collected from young WT and DKO mice (12-13 weeks of age) were assessed for zona binding capacity in vitro, using salt stored mouse oocytes. The average number of sperm bound to 5-10 oocytes in each replicate is displayed. N = 3 mice per genotype, **P < 0.01, data is shown as mean ± S.D. Figure 9 Loss of CRISPs results in epididymal inflammation. Haematoxylin and eosin-stained epididymis sections from 23-week old DKO and WT mice. Representative photomicrographs from seven to eight independent animals are shown (see Supplementary Table S2 ). Black arrow indicated a large mononuclear cell inflammatory infiltrate within the epididymal stroma. Scale bars = 100 μm.
the formulation of methods to promote CRISP production may be a means to enhance male fertility or prevent immune-mediated infertility.
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